BACKGROUND: Cortical pathology in multiple sclerosis (MS) has been associated with prolonged and progressive disease. 7T magnetic resonance imaging (MRI) provides enhanced visualization of cortical lesions (CLs). Hence, we conducted a pilot study to explore whether CLs occur early in MS, as evidenced by pediatric-onset patients.
Background
Multiple sclerosis (MS) during childhood and adolescence manifests with a relapsing-remitting course at onset, with secondary disease progression typically noted only after more than 20 years. 1 If cortical involvement in MS occurs only in later, progressive phases of the disease, then cortical lesions (CLs) should be rare in pediatric-onset patients studied early in their disease course.
Absinta et al, using a 3T MRI double inversion recovery (DIR) sequence in 24 children with MS, found CLs in only 2 patients, as well as a lower number and volume of CLs in these patients relative to the 15 adults with MS that were also studied. 2 A subsequent study by the same group, using the same 3T MRI DIR sequence detected CLs in 5 of 41 pediatric MS patients. 3 In a study using 1.5T MRI DIR sequences in 35 pediatric-and 57 adult-onset MS patients demonstrated that only 12 (34%) pediatric patients had at least one CL detected, which differed significantly from the 35 (61%) of adult-onset patients (all participants imaged within 1 year of first attack). 4 However, accrual of new CLs (mean 1.5, SD 1.3) and change in gray matter (GM) fraction (reduction of .5% per year) over the 3-year study period was similar in pediatric-and adult-onset MS patients.
Pathology studies in adults with MS have emphasized a far greater extent of cortical disease than is appreciated by conventional 1.5T and 3T imaging. 5, 6 Postmortem analyses, however, are largely restricted to older adults with longstanding, and typically progressive, MS. Appreciation of cortical involvement in younger MS patients requires lesion detection by MRI. As most CLs are small, the signal-to-noise ratio and image resolution of 1.5T, and even 3T MRI, have rendered such images largely insensitive to cortical pathology. 7 Several factors, such as low levels of inflammatory cell infiltration, 8 partial volume effects resulting from the close proximity of CLs to the CSF, the absence of substantial blood-brain barrier damage in acute CLs, 9 and low cortical myelin density, work to decrease the contrast of lesions on T2-weighted MRI sequences and make the identification of CLs by conventional MRI difficult. Specialized sequences, such as phase sensitive inversion recovery (PSIR), 10 DIR, 11 and magnetization transfer (MT) ratio imaging 12 performed using 3T MRI, have proven more sensitive than conventional approaches and have documented CLs in adults with MS. Recently published consensus guidelines for MS CL scoring at 3T recommended using DIR as the gold standard, 13 though other studies have demonstrated that PSIR has better sensitivity to detect CLs. Ultrahigh-field 7T MRI provides greater signal-to-noise ratio and increased spatial resolution compared to magnets with lower field strengths. 14 In adult MS studies, various pulse sequences at 7T, including magnetization-prepared rapid acquisition of gradient echoes (MPRAGE) and fast low-angle shot T2* allow enhanced detection of CLs. 15, 16 In this pilot 7T MRI study, we evaluate the frequency of CLs in adolescent and young adult pediatric-onset MS patients.
Methods Participants
Pediatric-onset MS patients (onset ࣘ18 years) were enrolled from the MS clinic at the Children's Hospital of Philadelphia. Patients were required to be more than 3 months from a recent relapse and more than 30 days from corticosteroid exposure. Age at first attack, age at imaging, disease duration, total number of relapses, medication exposures, and Expanded Disability Status Scale (EDSS) 17 score were recorded. Informed consent was obtained from all participants. The study was approved by the Institutional Review Board (IRB) at The Children's Hospital of Philadelphia and the University of Pennsylvania.
Image Acquisition
All participants were scanned on a single 7T Siemens Magnetom MRI scanner at the University of Pennsylvania, using a 32-channel phased-array head coil. Pulse sequences included: (i) 3D T1-MPRAGE: slices = 256, resolution = .7 mm isotropic; (ii) 3D T2-Fluid Attenuated Inversion Recovery (FLAIR): slices = 176, resolution = .8 isotropic on 3 patients and T2-Turbo Spin Echo (TSE) images (same parameters) on the other 5 patients; and (iii) T2*-weighted Gradient Echo: slices = 25, resolution = .2 × .2 × 1.0 mm, two acquisition slabs covering the vertex to the rostral midbrain.
Image Preprocessing
Images were preprocessed using Advanced Normalization Tools (ANTS). 18 Preprocessing of the images included spatial inhomogeneity correction, 19 skull-stripping, 20 and rigid coregistration of the T1-MPRAGE and T2/FLAIR images. 
Cortical Lesion Identification Protocol
Published recommendations for CL detection at 3T served as the primary guiding principle. 13 Criteria for CL identification at 7T were further refined by in-person consensus of three experienced raters. A training set of images obtained from adult MS patients imaged at 7T refined the criteria. Prior to scoring the pediatric-patient scans, all scans were windowed in MIPAV (http://mipav.cit.nih.gov) by adjusting the brightness and contrast levels, and the level of windowing was consistently maintained. MPRAGE and T2* sequences were utilized to mark the lesions. CLs were scored on the using the following guidelines:
r Cortical lesion intensity-CLs should appear clearly hypointense to the surrounding normal-appearing GM on MPRAGE. Within the boundaries of a given lesion, voxels should appear isointense and consistently hypointense to surrounding nonlesional GM. Focal areas of cortical hypointensity were considered to be Virchow-Robin spaces if they had an internal mesh-like appearance.
r Cortical lesion size-A CL should comprise a minimum of 4 voxels in-plane (based on .7 × .7 mm 2 in-plane resolution) and should be present in at least two consecutive slices in the inferiorsuperior direction.
r Cortical lesion type-CLs were subgrouped based on their appearance on MPRAGE images as leukocortical (LC-that include both cortical GM and subjacent white matter [WM]), intracortical (IC, lesions entirely within the cortex, with lesion borders that do not touch either the pial or gray-white border), and subpial (lesions abutting the pial surface and extending into the cortex). Although FLAIR sequences are used to verify CL detection at 3T, 13 on 7T images the FLAIR images did not improve CL detection and were not used for this purpose. Furthermore, MPRAGE sequences did not identify subpial lesions, and thus the T2* images were used for this purpose, as per published studies in adult MS cohorts. 21, 22 Each of the three raters then applied the scoring guidelines to images from 4 patients, scoring and annotating lesions on each scan three times, in random order, while remaining unaware of patients' clinical features. A second in-person meeting was held, during which the lesion maps for each of the 4 patients were reviewed, all annotated lesions adjudicated by consensus, and a final CL count for each patient derived. The lead rater then independently scored the remaining 4 patients' scans using the principles and experience garnered during the consensus scoring sessions. A total CL count for all 8 patients was then established. Relationships between CL count, age at MS onset, age at scan, disease duration, and EDSS were evaluated using Spearman's rank correlation coefficients.
WM Lesions
As part of our new 7T MRI sequence optimization, we obtained either FLAIR or T2 acquisitions, and thus did not have consistent T2-weighted sequences for all 8 subjects. WM lesions were segmented manually on either FLAIR images or T2 images using ITK SNAP (http://www.itksnap.org). WM lesion volume was computed using Functional MRI of the Brain (FMRIB) software library (FSL). 23 Correlations between CL counts and WM volume was performed using Spearman's rank correlation.
Results
Eight pediatric-onset MS patients were included and the demographic and clinical features of these patients are delineated in Table 1 . CLs were demonstrated in all 8 patients. Table 1 provides the total CL counts (847 CLs; median 120, range 48-144). During the consensus scoring, 36 putative lesions detected on scans from the MS patients were rejected. Almost all lesions identified were classified as LC, and only one of the three raters identified a few purely IC lesions (Fig 1) . Hence, the subclassification of lesions into LC and IC is not reported. Only 3 subpial lesions could be identified on the T2*-weighted images (Fig 3) .
There was no significant relationship between lesion count and subject age at scanning, age at onset, or disease duration. All patients were receiving disease modifying therapies for MS. WM lesion volume (mean 17.8; SD 13.5; median 15.6, range 5-42.5 mL) did not correlate with CL count (magnitude of correlation = .58, P = .15).
Discussion
In this pilot study, we demonstrate that CLs can be detected using ultrahigh-field MRI in pediatric-onset MS patients, and that despite their youth and relatively brief disease duration, pediatric-onset MS patients have substantial detectable cortical pathology. We were able to document CLs in all 8 of our patients, contrasting with the much lower published CL detection rate in pediatric MS cohorts studied using lower field strength MRI. None of our participants showed signs of secondary progressive MS, and all were within 10 years of their first attack. Although MS is largely described as an inflammatory disease of central nervous system WM, the involvement of GM is also well-recognized. In 1962, Brownell and Hughes studied 22 MS brains and described that 26% of the MS lesions affected GM and 77% of the CLs involved the subcortical WM. 24 Lumsden et al found that out of 60 MS cases studied, 93% had cortical involvement, with some patients having few CLs and others having as many as 465 "gyral plaques." 25 Recent neuropathological studies have consistently identified subpial, IC, and LC lesions in adults with MS studied at autopsy. 6, [26] [27] [28] [29] [30] [31] [32] [33] We detected LC and IC lesions in all 8 of our pediatriconset MS patients (Fig 2) However, we were able to identify only three clear subpial lesions (Fig 3) . In a study of 16 adultonset MS patients evaluated using 7T MRI, a total of 100 subpial lesions were identified. 34 These lesions were best identified using T2* sequences, and appear either as small focal lesions or as band-like areas of hyperintensity that involved the outer cortical laminae and extend over an entire gyrus or multiple gyri. Despite using a comparable T2* sequences, we did not detect large numbers of subpial lesions. Whether subpial lesions would be demonstrated following further sequence optimization, or whether subpial lesions-unlike LC lesions-are indeed rare in pediatric-onset MS, remains to be determined.
We did not detect relationships between CL counts and clinical features, or CL counts and WM lesion volumes, potentially due to our small sample size.
All patients were receiving MS-related medications, which conceptually may have influenced the number of CLs. Treatment effect on the accrual of WM lesions has served as key secondary outcomes in pivotal clinical trials, but the ability of treatment to mitigate cortical pathology in MS has not been a major component of such trials.
Detection of CLs is influenced by the MR sequence and MR scanner strength. Our MPRAGE sequence was optimized to match the protocol proposed by Harrison et al, given that this group was able to detect cortical lesions in 97% of 36 adult MS patients imaged at 7T. 15 These authors preselected MPRAGE over DIR based on earlier publications comparing the relative cortical lesion detection rate of these two sequences at 3T. 35 We did obtain FLAIR sequences, however, 7T provided poor contrast on these sequences, which has been the experience of other investigators. 36 We found gradient-echo T2* images to be helpful in evaluating subpial lesions, but found that the long acquisition time of this sequence led to motion artifact that proved suboptimal for overall CL detection.
In a study of 18 adult MS patients, 7T MT imaging detected more IC lesions (mean 20 lesions per patient) compared to T2* images (mean 13 lesions), 7T MPRAGE images (mean 16 lesions), and 3T 3D DIR (mean 17 lesions). 37 We did not obtain MT images, as Siemens does not offer this sequence at 7T.
Automated lesion detection methods are not yet available for CL detection on 7T, and given the relatively limited experience with 7T MRI in MS, we employed an experiential learning curve approach to define our CL detection method. As we anticipated, manual identification of CLs is time consuming, CLs are subtle, and consensus adjudication was essential to ensure confidence in CL identification. As such, the methods employed in this pilot work are not immediately translatable to inexperienced raters, but will inform our future optimization methods.
This study represents a pilot analysis of a small cohort of pediatric-onset patients, and our findings clearly await replication in a larger sample. We deliberately focused on adolescents and young adults, as these participants were able to tolerate scanning without sedation. We did not have IRB approval to scan healthy age-matched volunteers, but now that we have been able to demonstrate that 7T MRI was well-tolerated, we will perform 7T MRI studies in both in MS patients and in agematched controls in order to more precisely determine whether CLs are present in the youngest MS patients and to ensure that areas of cortical hypointensity are not 7T MRI features in normal youth.
Finally, given that 30-50% of pediatric MS patients have cognitive, but not physical disability, 38 future studies will evaluate whether cortical pathology correlates with early cognitive impairment.
